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(57) Abstract: An cnvironmcnlal degradation sensor (1201) for cnvironmcnlally sensitive products (1205 provides the degraded 
^ state and estimated remaining life of a producL The sensor may be integrated with a passive RFID (1203) to provide product 
O identification and degradation status wirelessly via reader (121 1). A communications connection (1223) allows uploading product 

identification and degradation data to a network. The degradation sensor responds to multiple environmental stressors and integrates 
Q product degradation, icquiriiig no electrical power until intcnogated. The sensor improves product safety, icduccs cost of prcmalun: 
^ product disposal and, combined with RFEDs, improves the security of products through combined product degradation monitoring 

and tracking. 
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TITLE: Degradation Sensor for EnvironmentaUy Sensitive Products and Method of Use 



Field of the Invention 

The present invention relates to environmental degradation sensors and, more particularly, to 
degradation sensors for environmentally sensitive products. Apparatus and methods for sensor 
construction, sensor applications, remaining life prediction, and methods of product degradation 
tracking and networking are also disclosed. 

Background of tlie Inv^tion 

A great many products used by consumers, businesses and organizations degrade rapidly unless stored 
in controlled environments. These products include food, pharmaceutical and chemical products. All 
polymeric products and many non-polymeric products are subject to aging effects to varying degrees, 
and often under multiple complex degradation mechanisms. Prematurely degraded products may pose 
heatii and safety risks to customers. Products properly stored may be disposed of prematurely due to 
conservative shelf-life dating. 

A number of methods and sensors have been developed to indicate the degraded state and/or tiie 
remaining useful life such as product expiration dates and in-situ degradation sensors. 
Expiration dates have been used for some time and provide a low-cost and user-fidendly interface. 
However, expiration date metiiods assume environmental specification conformance within 
predetermined ranges and provide no feedback or date correction should the actual environmental 
conditions be exceeded. Product manufacturers must compensate for unknown environmental exposure 
by conservative product expiration dating; wasting product life, which could otiierwise be used if the 
actual environmental exposure is known. On the other hand, consumption of spoiled food or drugs tiiat 
have lost their efficacy poses serious healtii risks and associated costs. Many materials such as solid 
propeUants used in aerospace applications may degrade quickly in extreme environments, making shelf 
life dating unsuitable. 

Anodier type of degradation sensor used for determining degradation of products is die time- 
tenqierature integrator {i ll). TTb may take flie form of analog devices such as degradation sensors 
utilizing chemical reactions resulting in color changes. The color changes correspond to an integrated 
time-temperature condition of tiie product or package and provide a more flexible metiiod to indicate 
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" pttiUuct expiration as con^aied'Cb "diate stamping. Howev^, these devices are difficult to vary the 
response for different degradation models and ate of Umited use where direct observation of the sensor 
is difficult In addition, color change indicators are dif&cult to use with automated or degradation 
communications systems. 

Another approach for determining remaining product life is the digital time-tenq)erature integrators. 
These devices utilize a temperature sensor such as a tiiermocouple or thermistor and a digital clock. 
Time and temperature are logged at predetermined time intervals and stored in a memory. A 
microprocessor, either co-located with the data logger or separate from the datalogger, integrates the 
time-temperature data in an algoritiim modeling the degradation factors of tiie product These devices 
offer great flexibility of degradation modeUng since virtually any degradation mechanism may be 
modeled by a microprocessor once the necessary time and temperature data has been collected. 
However, these devices suffer the disadvantage of requiring power for die data logging and timing 
functions, and miaoprocessor power if integrated in the device. Power requirements prevent practical 
use of these devices in many automated or wireless system applications such as passive RFBD tags. The 
complexity of the devices also makes integration in individual product packaging difGcult and the cost 
is relatively high. 

An improved mediod is needed to monitor the condition of degradable products tiiat overcomes die 
drawbacks of current methods. 



Objects and Summary of the Invention 
Thmfore, an object of the present invention is to provide an environmental degradation sensor and 
method for monitoring fee condition of degradable products that addresses the shortcomings of 
previous methods. 

Anoth^ object of the present invention is to provide a degradation sensor that integrates aging effects 
due to changing environmental conditions continuously and without dectrical power except when die 
sensor is interrogated. 

Another object of die present invention is to provide a degradation sensor that models the degradation 
mechanisms of the product it is monitoring widiout complex computational power. 
Another object of die present invention is to provide a degradation sensor tiiat can be modified to 
provide degradation modeling for polymeric, non-polymeric and composite products. 

Another object of die present invention is to provide a degradation sensor tiiat can be modified by 
addition of control agents to model a wide variety of product degradation mechanisms. 
Another object of die present invention is to provide a degradation sensor in which the response can be 
modeled to provide estimated remaining life based on assumed conditions. 

Another object of the present invention is to provide a degradation sensor that is small and low in cost 
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A&btiid: oGjecf ^ tH& |)re§&iiniSVe1tmOn is to provide a degradation sensor that can be integrated into the 
product through known product manufacturing methods such as casting, molding, and extrusion. 
Anodier object of the present invention is to provide wired and wireless methods of communicating 
degradation sensor data. 

5 Another object of the present invention is to provide a method of integrating a degradation sensor in 
radio frequency identification devices. 

Still another object of the present invention is to provide a method of communicating product 
degradation sensor data to a network accessible by product manufacturers, product distributors and 
product users. 

10 Yet another object of the present invention is to provide a method of communicating product 
identification and degradation data to a network accessible by product manufacturers, product 
distributors and product users. 

The method of the present invention makes use of a conductive conq)osite degradation sensor for 
products which degrade from environmental stressors such as temperature, humidity, and ionizing 

IS radiation. The degradation sensor comprises a polymoic matrix and a conductive filler. In some 

embodunents a control agent is added which modifies the environmental stress response of the sensor. 
The conductive filler provides a sensitive means to indicate the time-dependent shrinkage of the 
conductive composite by measuring the resistance of the sensor. The resistance of the sensor can be 
correlated with resistivity-stressor-time data to provide product degradation status and, with additional 

20 environmental stressor input, allows prediction of remaining product life. 

The control agent is a component of the conductive composite which modifies an environmental stress 
response, such as time-temperature-dependent shrinkage of the conductive composite resulting in a 
resistivity vs. time response which changes with product degradation in a predictable manner. In the 
preferred embodiments the resistivity vs. time response is a resistivity decrease as the conductive 

2S composite shrinks with time in an environmental stressor condition. These enibodiments provide good 
correlation with product degradation since many of die degradation mechanisms of the sensor elements 
(such as chain scission, chain crosslinking and mass loss) results in volumetric shrinkage of the product 
and the sensor element 

Two primary approaches are used to model sensor resistivity response with degradation of the product 
30 to be monitored. The first approach selects at least one of the polymeric components of the product as a 
polymeric component of the matrix of the sensor. Assuming the conductive filler is inert with respect 
to other sensor components and degradation mechanisms involved, the degradation mechanisms of the 
polymeric component of the sensor are the same as those of the polymeric component of the product 
Since several of the dominant degradation mechanisms for polymers (cross-linking, chain scission and 
35 loss of volatUe firactions) result in volumetric shrinkage of the polymeric component, die resistivity of 
the sensor will decrease as die polymeric conqionent of die product degrades. Since multiple 
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eiiVirAdnidniaTsS^^ oR^i'eSSulItifi similar degradation niechamsnis, the sensor can respond to one 
or more environmental stressors. 

By measuring the resistivi^-time response of the sensor under controlled environmental conditions and 
comparing measurements of a selected degradation measurement (such as hardness, elongation, or other 
5 mechanical, chemical or sensory degradation measurements) of the product, sensor response and 

product degradation state may be modeled and equated by graphical, numerical or statistical methods. 
Data collected at multiple temperatures (or other environmental stress conditions) may be used to 
predict remaining life by measuring resistivity data through use of Arrhenius methodology. An 
advantage of this approach is that the sensor can be made simply by adding a conductive filler to the 
10 product material. This approach is especially useful when integrating the sensor into the product, such 
as integrated degradation sensors in wire and cable insulation, composite structures and polymeric 
building materials such as building siding and decking. This approach is also useful for products 
having complex degradation mechanisms such as diose of food products. 

A second approach for modeling product degradation is to select a polymeric component of the sensor 
IS and one or more control agents independent of die product material, but so that the resistivity response 
of the sensor can be correlated to a selected degradation measurement of die product under 
environmratal stressor conditions. The actual degradation mechanisms of die conductive composite 
sensor may or may not be the same as the degradation mechanisms of the product The flexibility of 
this approach is especially useful in designing a sensor to detect degradation of non-polymeric products, 
20 or products which degrade quickly such as food or some pharmaceutical products. This approach also 
allows modeling and monitoring products whose degradation mechanisms are somewhat different from 
those of polymeric sensors. 

In the second approach, the degradation of the product is modeled by selecting a degradation 
measurement and measuring die degradation under controlled environmental conditions. The 

25 degradation measurement includes mechanical or physical measurements such as hardness, elongation, 
density, mass loss or fatigue strength; chemical measurements such as molecular weight or crystalinity; 
sensory measurements such as smell, color or taste; and biological measuremrats such as bact^a 
counts. The sensor conductive conq)osite components (polymer and control agent) are selected to 
provide resistivity-time response, which may be modeled to the selected degradation response of the 

30 product. A control agent may be any sensor component which modifies the sensor response to 

environmental sensors in a manner allowing correlation with the product degradation- It may be a 
chemical component of the sensor element itself, or it may be a physical alteration of the sensor 
element or sensor package which provides the desired resistivity-time response under tested 
envurorunental conditions. 

35 The sensor conductive composite conqx)nents may be selected so diat the resistivity-tirDe response from 
die dominant shrinkage mechanisms of the sensor can be correlated to the degradation of the product 
degradation. For example, curing of two-part epoxy systems or mass loss of volatile conqionents of a 



4 



wo 2006/091631 PCT/US2006/006187 
cdffdtlctiv^6dmjpi5s'£Ee'^m^ B^TMV^ for short lived products which degrade qulddy with 
temperatuie such as food products. Although the actual degradation mechanisms may differ, the 
conductive conqwnents and control agents may be selected so that the resistivity response of the sensor 
can be correlated to the desired degradation measurement used for the product' 
In a preferred embodiment of the invention, the product degradation measurements are made at multiple 
temperatures and, in cases where the response follows Airhenius behavior, a conductive composite 
system can be selected to model the activation energy and decay constants of the product degradation to 
provide sensor-product correlation over a range of temperatures. Such modeling also allows prediction 
of remaining life based on resistivity measurement of the sensor and using assumed environmental 
conditions. 

The sensors of this invention may be used for a wide variety of environmental stressors, including 
temperature, humidity, radiation, and chemical vapors or suspensions. Where the sensor utilizes a 
polymeric component of the product, the degradation of the sensor will '"automatically" follow that of 
the product Since many of the degradation mechanisms of polymers (including chain scission and 
cross linking) are affected by radiation and other environmental conditions as well as temperature, die 
degradation of these other environmental conditions is also integrated into the total degradation of the 
product In cases where the degradation sensor utilizes conductive composites "designed" to model 
degradation effects of the product, the predominant environmental degradation mechanism of the 
product may be used to select the sensor components. In other embodiments, multiple sensor 
conq)onents may be used to model complex product degradation mechanisms or those that model 
multiple environmental stressor conditions. 

The conductive composite selected for the sensor may be formed into a discrete sensor by connecting 
two electrodes to a sensor elenoent for measurement of sensor resistance. Discrete sensors may be 
physically attached or otherwise associated with the product, or disposed inside or outside product 
packaging. Placing the sensor inside product packaging ensures that the sensor is exposed to a similar 
environment as the product In ottier embodiments, the sensor(s) are distributed into the product or 
packaging itself, for example, by extrusion, casting or molding processes. 
Sensor communication may include contact reading, wired or wireless communication. Contact 
reading can be roade with a resistance measuring instrument such as an ohmmeter having electrodes 
which contact a surface of the sensor element The resistance can be converted to resistivity by 
incorporating die geometrical dimensions of the sensor and die electrode configuration and spacing on 
the reader. Wmd communication utilizes a permanent, portable or temporary connector and conductor 
connecting tiie sensor to a resistance measuring instrument Wireless communication may utilize 
passive or active transmitters or transponders and may utilize various modulation techniques known in 
die art to communicate sensor resistance measurements. In stiU otixer embodiments, tiireshold detectors 
may be incorporated into the transmitter so that sinq>le binary communication provides a "go, no-go" 
communication of product status. 
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Tlie rbsist£{£iiiiasi^ incorporate degradation modeling algorithms for converting 

resistance readings to product degradation status, or remaining life of Ae product. Such modeling may 
be as sinq>le as calibrating the face of an analog device to indicate product condition, or it may utilize 
microprocessors to indicate multiple degradation status conditions for multiple sensors and product 
5 types, as well as remaining life prediction capability. 

The ability of the degradation sensor of this invention to inherentiy integrate degradation effects due to 
changing and multiple environmental conditions without electrical power makes the sensor especially 
compatible with radio frequency identification devices (RFIDs). Since electrical power is required only 
when the sensor is interrogated (sensor resistance being read), it is especially useful with passive RFIDs 

10 that can provide the interrogation power (applied voltage across the sensor) from the reader during 

RHD interrogation. In other embodiments, other wireless communications is used such as active radio 
frequency devices, laser, infra-red, optical, microwave and sonic devices may used. 
Wired and wireless networks include multiple product entities such as product manufacturers (includiug 
multiple manufacturing entities for a product), product packaging entities, product distribution entities, 

IS product wholesaling and retail entities, and product end users. Any or all of the entities may include 
capabilities of reading, storing and transmitting sensor resistance and degradation data anywhere along 
the lifecycle of the product The network utilizes sensor ou^ut and degradation status information 
stored by one or more network user entities, or by a network administrator. 



20 

Brief Description of the Drawings 
These and other features, aspects and advantages of the present invention will become better understood 
with regard to the following description, appended claims and accompanying drawings where: 
FIG. 1 is a plot showing correlation of resistivity and elongation at break of a composite degradation 
25 sensor made of an EPR matrix and a carbon black conductive fOler aged in a convection oven at 1 30 
degrees centigrade; 

FIG. 2 is an Arrfaenius diagram showing correlation of a conductive composite degradation sensor made 
by compounding EPR and carbon black with mechanical degradation of EPR insulation; 
FIG. 3 is a resistivity vs. time chart for a degradation sensor made of a two-part epoxy (at several 
30 hardener/xesin mixtures) thermoset material and a nickel conductive filler, aged at 60^C; 

FIG. 4 is a resistivity vs. time chart for a degradation sensor made of the two-part epoxy thermoset 
material and a nickel conductive filler, aged at 40°C; 

FIG. 5 is a resistivity-time chart of a conductive composite sensor made utilizing a volatile polymeric 
35 component and silver particles; 

FIG. 6 is a p^pective drawing of a discrete degradation sensor 601 having sensor element 603 
connected to a pair of electrodes 605 for connection to a resistance measuring device; 
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FIG. 6A isl detail persp&ctive'difaWifig showing a mechamcal clamp method of electrically and 
mechanically attaching the sensor element to the electrode. 

FIG. 7A is a perspective drawing showing electrical contact measurement of composite degradation 
sensors distributed on a degradable product as separate sensors; 
5 FIG. 7B is a perspective drawing showing electrical contact measurement of composite degradation 
sensors embedded in a degradable product with a surface of the sensors on an outside surface of the 
product; 

FIG. 7C is a perspective drawing showing electrical contact measurement of composite degradation 
sensor distributed as a extended strip over the length of a degradable product; 
10 HG. 7D is a detail cross section showing an alternative embodunent utilizing an adhesive element such 
as an adhesive strip to provide adhesion of the degradation sensors or PEG. 7A to the product; 
FIG. 8A is a cross section of a degradation sensor conqinsing multiple conqponents of a sensor 
conductive composite disposed in a flexible bag or pouch; 

HG. 8B shows a means to activate die degradation sensor of FIG. 8 A by mechanical mixing; 
IS FIG. 9A is a cross section of a degradation sensor comprising an activation strip containing a 
component of the sensor composite; 

FIG- 9B shows a means to activate the degradation sensor of FIG. 9A by mechanical mixing; 
FIG. lOA is a cross section drawing of a degradation sensor having a sensor conductive composite 
enclosed in a holder or case; 
20 FIG. lOB is the sensor of FIG. 10 activated by removal of a peel strip; 

FIG. IOC is a cross section drawing of a degradation sensor having a diffusion control element disposed 
in an aperture of the sensor case; 

FIG. 1 1 A is a block diagram of a method of sensor communication whCTC an electrical property- 
measuring device such as resistance measuring instrument is used to measure the resistance of 
25 degradation sensor; 

FIG. UB is a block diagram of an altemative embodiment of a sensor communications method utilizing 
a multiplexer to connect multiple degradation sensors associated witii a product to resistance measuring 
instrument; 

FIG. 1 IC is a block diagram of a method of sensor conmiunication using electrical connectors such as 
30 quick connectors to communicate degradation data from sensors; 

FIG. 1 ID is an embodiment of sensor conmiunication showing sensors located between a product being 
monitored and the product package, and a sensor located outside the product package, both using quick- 
connect connectors for sensor communication; 

FIG. 12A is a block diagram of a wireless conmuinications metiiod used to determine degradation of a 
35 product inside product packaging; 

HG. 12B is a block diagram of an altemative endxxliment of an RHD assembly for a degradation 
sensor having a resistance threshold detector betwe^ tiie sensor and die RFID chip; 
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HG. 12C iis a block diagram bfa pmive RPID assembly and reader utilizing variable frequency tuning 
to determine sensor resistance; 

nG.13 is a perspective drawing of RFDD assembly attached to an inside surface of the cap of a product 
container; 

5 HG. 13 A is a perspective drawing of RFED assembly attached to an inside surface of a nozzle cap of 
solid propellant motor; 

FIG. 13B is a perspective drawing of a method of monitoring the identification and condition of a food 
product such as fresh poultry by wireless communication with a degradation sensor attached to a RFID; 
and 

10 FIG. 14 is a block diagram of a meAod for tracking degradable products and determining thek 
condition incorporatiDg a network of users. 



Description of the Preferred Embodiments 
15 The following is a description of the preferred eiribodiments of a degradation sensor for temperature 
and other environmentally sensitive products that requires no electrical power until the sensor is 
interrogated. 

Prior work disclosing use of conductive composites to model aging of polymeric materials is disclosed 
m US applications 10/506,518 and PCr/US05/05609, hereby incorporated by reference. These 

20 references show a general decrease in resistivity of a conductive composite made of a polymeric matrix 
and conductive particle filler as the composite degrades. This is due to various degradation 
mechanisms such as mass loss, chain cross linking, and chain scission of the polymer matrix, resulting 
in a higher volume fraction of conductive particles as the polymer degrades. PEG. 1 shows a decrease 
in resistivity 101 of a conq)ositB degradation sensor made of efliylene propylene rubber (EPR) matrix 

25 and a carbon black conductive filler. As shown in the figure, resistivity drop during accelerated tiiermal 
aging (convective oven, 130 degrees centigrade) correlates to a loss of elongation-at-break 103 of the 
sensor's composite matrix during aging. 

Several strategies can be used to model conductive composite electrical changes with degradation of a 
product under various environmental stress conditions such as temp^ature, humidity, and radiation. 

30 One such approach employs utilizing a polymer of the product bemg monitored as the matrix of the 
sensor. Assuming that the conductive particles are chosen to be inert witii respect to die degradation 
mechanisms of die polymer of int^iest, and that a sensor made utilizing the polymeric component as a 
matrix is in die same environment as Ae product, degradation of the polymeric component of die sensor 
will be similar to that of die product Resistivity of the sensor can be correlated to mechanical or 

35 chemical degradation measurements made of die polymer of interest during natural or accelerated aging 
and correlated by modeling sudi as graphical, numerical, statistical or Arrfaenius modeling. Coxielating 
sensor resistivity widi product degradation may be used even when addition of conductive fillers (or 
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~ additional components^ results in sensor degradation response different from tbe polymeric component 
alone. 

Such correlations of sensor resistivity and degradation properties of the polymer of interest allow a 
simple electrical measurement, resistance of a sensor (converted to sensor resistivity), to correlate to the 
5 mechanical or chemical condition of the product. Other electrical measurements may include 

conductivity, inductance, capacitance or impedance. Arrhenius methodology may be used to predict 
remaining life of the product for assumed environmental conditions. The advantage of such a strategy 
is that the sensor response is inherently similar to that of the product in virtually any environment since 
the "active" portion of the sensor is the polymeric component of the product. 

10 A second approach is to "design" a conductive composite degradation sensor (conductive composite) 
whose resistivity can be correlated to degradation of any product for chosen enviroimiental stress 
conditions. For example, the degradation of a polymeric or non-polymeric product may be tested under 
a thermal stress by measuring a degradation parameter such as a mechanical degradation measurement, 
a chemical degradation measurement, a biological degradation measurement or other degradation 

IS parameters such as color or smell under several temperature environments. 

The components of a conductive composite sensor may be selected to provide a response that can be 
correlated with the degradation parameter or measurement of the product The conductive composite 
sensor components chosen may degrade under one or more degradation mechanisms such as mass loss, 
chain scission, or chain cross linking, and modified by addition of reaction modifiers such as reaction 

20 catalysts, environmental filters or barriers. Or, mixtures of several degradation components may be 
combined in order to model the desired degradation parameter of the product. An advantage of this 
approach is that any product which degrades under an environmental stress may be "modeled" by a 
conductive composite sensor. 

25 Example 1 

FIG. 2 is an Arrhenius diagram showing correlation of a conductive composite degradation sensor 201 
made by compounding ethylene propylene rubber (EPR) and carbon black- The carbon black loading 
was adjusted to provide an initial resistivity of approximately lE+8 ohm-cm. Another sensor 203 was 
made by adding a commercial anti-oxidant The samples were aged in a thermo-oxidative enviromnent 

30 (convective oven) at several teDD5)eratures and plotted on the Arrhenius diagram. The times plotted for 
the degradation sensors corresponded to a relative decrease in resistivity (3 decade decrease from the 
initial resistivity). A plot of the same EPR base material 205 as used in die degradation sensor, but 
plotted conventionally by mechanical degradation (50% drop in elongation), is shown for comparison. 
Activation energies of the two sensors (witii and witiiout anti-oxidant measured by resistivity decrease) 

35 and the EPR base polymer (measured by loss of elongation) are sinoilar and shown for comparison. The 
degradation of different commercial materials (Nitrile mbber, GiUra et al. 207 and EDPR, Skidmore 
209), are also shown for comparison. 



9 



wo 2006/091631 PCT/US2006/006187 
TRe daCa inHica^ fEat the £PR senlsdis' resistivity drop results in approximately the same activation 
energy as that obtained by mechanical measurements of £PR degradation Goss of elongation). That 
data also shows that the time constant (Y-intercept) of the sensor can be adjusted by addition of anti- 
oxidant 

5 

Example 2 

FIG. 3 is a resistivity vs. time chart for a degradation sensor made of a two-part epoxy (at several 
hardener/resin mixtures) thermoset material and a nickel conductive filler, aged at 60°C. FIG. 4 is a 
resistivity vs. time chart for a degradation sensor made of the two-part epoxy thermoset material and a 

10 nickel conductive filler, aged at 40°C. As the chemical crosslinking proceeds, volumetric shrinkage of 
the polymeric matrix increases the volume fraction of the conductive filler, causing the resistivity to 
decrease. Both trials utilized three specimens with different resin/hardener ratios. As seen from the 
charts, increasing hardener (control agent) percentage increases the rate of resistivity decrease, 
corresponding to an increased reaction rate (curing) of the epoxy. Increased temperature 

IS (environmental stressor) also increases the reaction rate, increasing the rate of decrease of resistivity 
and reducing the curing time of the epoxy. 



Example 3 

FIG. 5 is a resistivity-time chart of a conductive composite sensor made utilizing a volatile polymeric 
20 component and silver particles. The composite utilized in this test is a commercially available 

conductive pen product (Chemtronics CT-CW2200STP). As can be seen from the figure, the reaction 
rate of resistivity decrease increases with temperature (environmental stressor). 
Selecting the matrix polymer for a degradation sensor can be used to determine the overaU activation 
energy of the sensor reaction. Selection of a rate-affecting component such as the type and amount of 
25 an anti-oxidant in an elastom^ or ibermoplastic, can be used to adjust the time constant (Y intercept of 
the Arrhenius curve) of the reaction. Or, the resin and hardeners types may be selected in thermoset 
polymer matrixes to provide a desired activation energy and the resin/hardener ratios selected to control 
the time constant of the reaction. 

Still another method of "desigmng** a degradation sensor so that the resistivity change of the conductive 
30 composite models the degradation of a desired product is to correlate product degradation with a 

composite comprising a volatile agent and a conductive filler such as that used in HG. 5, The type of 
volatile agent (control agent) used in the conductive composite provides a means to select a reaction 
rate (in this case the mass loss of the volatile agent) in a temperature stress environment that correlates 
to a decrease in resistivity of the sensor with tiie degradation of the selected product The reaction rate 
35 may be modeled not only by the type of volatile agent, but it may be modified by a reaction control 
agent such as a matrix or sensor package barrier or filter which affects tbe diffusion constants of the 
reaction to provide the desired modeling. 

10 
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liTthe pietenied embodijments/t&e'r^istivify of the sensor and degradation ciiteria (mechanical, 
chemical, or other) of the product are measured at several environmental stress conditions (such as 
multiple temperatures, humidity levels, radiation levels, etc.) in order to be plotted on Anhenius plots 
or other modeling techniques. Degradation criteria selected for the product may include mechanical 
5 conditions such as absolute or relative loss of elongation, chemical criteria such as absolute or relative 
loss of anti-oxidants or formation of by-products in the product; or they may be measurements of 
selected discoloration of polymers exposed to severe environmental conditions or onset of 
objectionable smell, taste, potency, etc. of food or pharmaceutical products. Degradation times for 
resistivity curves may be based on a arbitrary absolute resistivity value for each stress condition (such 
10 as each tenoperature), or relative resistivity values may be selected (such as relative resistivity drops) for 
each environmental stress conditions. 

IdeaUy, both the resistivity vs. time at several tenq)eratures and degradation parameter of the product 
vs. time are generally linear when plotted on Anhenius plots, similar to the EPR insulation elongation- 
at break and EPR sensor resistivity curves of HG. 2. In this case, a correlation exists between sensor 

15 resistivity and product degradation at a variety of degradation temperatures and the process allows 

prediction of remaining life of the product by measurement of resistivity at a different tenq>erature from 
that measured. If activation energies are similar between the sensor and product, but time constants are 
different, correlations can be made mathematically or by a control agent which changes the time 
constant such as an anti-oxidant in the case of the EPR samples of FIG. 2. 

20 In oAer cases where an Arrhenius relationship does not exist, such as non-linear Arrhenius plots, 
approximate correlations may be made over short temperature bands with emphasis of correlations 
made at environmental stress levels considered most probable. Other mathematical and statistical 
methods may be used to provide correlation of measured sensor resistivity and product degradation. 
By correlating the resistivity of tiie sensor with degradation of the product obtained throu^ natural, 

25 artificial or accelerated aging of the sensor and product, condition of die product can be determined by 
measuring the resistivity of the sensor. For example, tiie degradation of a polymeric product or 
products utilizing polymeric portions such as cable insulation, mbber hoses, seals and gaskets, 
composite structure, aircraft and marine hull matrixes, plastic building materials, and certain food and 
pharmaceutical products may be determined by utilizing the polymeric component/s of the product as 

30 the matrix of the conductive composite degradation sensor. 

Conductive particles such as carbon black, conductive carbon nanotubes, metallic particles, metallic 
oxide, or semi-conductor particles are added to adjust the initial resistivity to the desired level In die 
preferred embodiments, the conductive filler is selected to be chemically inert with die matrix and otha: 
components(s) of the sensor. In the preferred embodiments, the initial resistivity is selected in the 

35 ranges disclosed in PCT appUcatiou PCT/US05A)5604. In a more prefraed embodiment, the initial 
resistivity of die sensor is selected to be approximately one-half of die difference between die upper and 
lower percolation thresholds on a log resistivity vs. volume firaction curve. The initial resistivity will 
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^ nommUy be seiected to be low ehiSiigti to be read by field resistivity-measuring equipment but hig^ 
enough to be in a steep portion of the percolation curve to provide good sensitiyity of degradation 
measurements at ambient conditions. Initial resistivities of IE +2 to IE + 10, nsoie preferably, IE + 3 
to IE +8, and still more preferably between IE 44 to IE +7 ohm-cm initial resistivities have been found 
S to be practical initial levels providing reasonable sensitivity and simple measurement equipment. 

In sensors utilizing the same or similar polymeric component in the product as the matrix of the sensor, 
the polymeric component of the product itself serves as the control agent and no additional modifying 
control agent is normally required. In other embodiments, a modifying control agent such as an anti- 
oxidant may be added to provide improved degradation correlation of the sensor and product. Other 
10 reaction rate modifying control agents may be selected depending on the degradation mechanisms of 
tiie sensor conductive composite and include permeability or reactant difhision modifiers and physical 
diffusion modifiers including tiie physical dimensions of the sensor, diffusion barriers around the sensor 
composite and sensor packaging. 

The second approach may be used for any degradable product including non-polymeric products such 

15 as metallic and ceramic products, or products which contain both polymeric and non-polymeric 

components such as conqx)site materials, propellants and certain food and pharmaceutical products. In 
Ibis approach, the sensor conductive composite is "designed" to provide resistivity reduction that can be 
correlated to environmental stress degradation of the product being monitored. A polymeric component 
and, optionally, a modifying control agent are selected for the matrix of the sensor which, when 

20 compounded with a conductive particle filler, will provide a resistivity response to the environmental 
stress conditions which is correlatable to the degradation response of the product monitored. In the 
preferred embodiments, tiie activation energy of the sensor resistivity curve will be similar to that of the 
product being monitored for the ravironmehtal stress conditions used. In the more preferred 
enibodiments, both the activation enracgy and the time constant of die sensor resistivity curve will be 

25 similar to that of the product being monitored for the environmental stress conditions. 

One method for this approach involves sdection of a polymer used in the sensor conductive composite 
which provides a similar response (such as activation energy) of resistivity response for the desired 
environmental stress conditions as the selected product. The activation energy and/or time constant 
may be "tuned" by addition of one or more control agents such as additional '^blending" polymers, 

30 cross-linking agents, catalysts, hardeners, fillers, etc. Thermoplastic or pre-cured thermoset polymers 
may be used for relatively slow-degrading products such as wire and cable insulation, rubber hoses and 
gaskets, polymeric bmlding materials, etc. Curing reactions of diermosets such as epoxies or polyesters 
noay be used for modeling relatively fast-degrading products such as food or pharmaceuticals. 
Another metiiod of this approach would utilize a volatile component in the conductive composite sensor 

35 to adjust the sensor response to ttie degradable product For example, volatile hydrocarbons, 
compounded with a polyn»ric resin and conductive fillers could provide a short or long-term 
degradation sensor. Volatile components such as hydrocarbons may be selected as control agents to 

12 



wo 2006/091631 PCT/US2006/006187 
" dglemiine !he activatibn energy of reaction rate of the sensor response. The volatile agents can be 
single components, or blended to provide the desired response. Additional agents such as sensor 
conductive composite fOlers or polymeric components which control the permeability or diffusion 
constants of the composite, and therefore the temperature-dependent loss of volatile fractions provide 
5 ano&er means to "tune" the response of the sensor. Permeability barriers, compounded with the sensor 
element or surrounding the sensor element or sensor or product packaging may also act as a muechanical 
control agent to control the response of the sensor. 

Degradation sensors may be discrete components, or they may be integrated into the product they are 
monitoring. HG. 6 is a perspective drawing of a discrete degradation sensor 601 having sensor element 
10 603 connected to a pair of electrodes 605 for connection to a resistance measuring device (not shown). 
Sensor element 603 is a conductive conq>osite conqprising a polymeric matrix, conductive particles and 
a control agent as described earlier. Sensor element 603 may be compounded and extruded, cast or 
otherwise formed. 

A conductive adhesive, such as a conductive epoxy 607 may be used to mechanically and electrically 
IS connect electrodes 60S to sensor element 603. In other erhbodiments, other means may be used to 
connect sensor element 603 to electrodes 605 such as mechanical cUps, 621 of FIG. 6A. 
In the preferred embodiments, a housing or case 609 surrounds sensor element 603 to provide 
mechanical protection for sensor element 603. In the preferred embodiments, case 609 comprises a 
cavity 611 surrounding element 603. Opening 613 allows communication of the outside environment, 
20 represented by particles 615 with cavity 61 1 and sensor element 603 so that sensor 603 comprises a 
simflar environment as the product it is monitoring. 

FIG. 7 A is a perspective drawing showing electrical contact measurement of composite degradation 
sensors 701 A distributed on a degradable product 703A. Sensors 701A are conductive composites 
made of a polymeric component, a conductive filler, and a control agent as discussed previously. In a 

25 preferred embodiment of the invention, sensors 70 1 A are conductive adhesives utilizing a polymeric 
component of product 703A in sensor 701 A. The adhesive component may be a hot-melt adhesive 
component or it may comprise a thermoset or thermoplastic component providing adhesive properties 
to sensors 701 A for attaching the sensors to degradable product 703 A. FIG. 7D is a detail cross section 
showing an alternative embodiment utilizing an adhesive element such as an adhesive strip 705 to 

30 provide adhesion of sensor 701 A to product 703A. 

A resistance measuring instrament 707 having a pair of electrodes 709 provides a means to measure the 
resistance of sensors 701A. Electrode 709 spacing and geometrical sizing of sensors 701 A allows 
conversion of resistance reading of instrument 707 to resistivity for comparison of aging models. 
Simple contact of electrodes 709 of instrument 707 on sensors 701 A provides a quick means to make 

3S resistance measurements as shown by arrows 711. Degradable product 703A may be any degradable 
product for which degradation properties have been correlated to s^sor 701 A resistivity response in a 
controlled degradation environment In alternative embodiments, resistance-measuring instrument 707 
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itStfDipdrai^ me teatures oi wirea resistance measuring instruments 1 103 and 1123 of FIGS. 1 lA and 
IIB. 

HG. 7B is a perspective drawing showing electrical contact measurement of composite degradation 
sensors 701B distributed on a degradable product 703B. Sensors 701B are conductive composites 
5 made of a polymeric component, a conductive filler, and a control agent as discussed previously. In a 
preferred embodiment of the invention, sensors 701B are conductive composites utilizing a polymeric 
component of degradable product 703B. Sensors 701B may be cast or co-extmded into product 703B 
and have at least one surface 702B on an outside surface 703B1 or otherwise accessible portion of, 
degradable product 703B to allow sensor resistance measurements. 

10 FIG. 7C is a perspective drawing showing electrical contact naeasurement of composite degradation 

sensor 701C distributed on a degradable product 703C. Sensor 701C is conductive composites made of 
a polymeric component, a conductive filler, and a control agent as discussed previously. Jn a preferred 
embodiment of the invention, sensor 701C is a conductive composite utilizing a polymeric component 
of degradable product 703C. Sensor 70lC may be cast, molded or co-extruded into product 703C and 

1 S has at least one surface 702C on an outside surface 703C1 or otherwise accessible portion of degradable 
product 703C to allow sensor resistance measurements. 

HG. 8A is a cross section of degradation sensor 801 comprising sensor element or sensor conductive 
composite 803 disposed in a flexible bag or pouch 805. Conductive con^osite 803 comprises a 
polymeric component and a conductive filler as described earlier. In the preferred embodiments, 
20 conductive composite 803 is a hquid or gel. Control elements 807 comprise a control agent 809 such as 
a catalyst or hardener encased in a breakable shell 811. Control agent 809 is chosen to provide the 
degradation reaction desired to model a degradable product (not shown). Electrodes 813 mounted 
internally of pouch 805 connect to wires 814 to provide a means to measure resistance through 
conductive conoposite 803. 

25 HG. SB shows a means to activate degradation sensor 801 by mechanical mixing. Roller 821, rolled 
and pressed over pouch 805 as shown by arrow 823 breaks shells 81 1 of control elements 807, releasing 
control agent 809 and mixing with sensor conductive composite 803 to produce activated conductive 
composite 825. 

FIG. 9A is a cross section of degradation sensor 901 comprising sensor element or sensor conductive 
30 composite 903. Sensor composite 903 comprises a polymeric component and a conductive filler as 

described earlier. In the preferred embodiments, conductive coirq)Osite 903 is a porous solid. Control 
strip or element 907 conq)rises a control agent 909 such as a catalyst or hardener in the form of a gel or 
liquid. Control agent 909 is chosen to provide the desired degradation reaction to model a degradable 
product (not shown). Protective strip 910, attached by adhesive 912, provides mechanical protection of 
35 control element 907 from damage due to normal handling. Electrodes 913 and wires 914 provide a 
means to measure resistance through conductive composite 903. 
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FIG. 9B sHows' auineahs ^a[Stivll&'^<&gradation sensor 901 by mechanical mixing. Roller 821, rolled 
and pressed over control element 907 as shown by arrow 923, presses control agent 909 into conductive 
composite 903 and mixes with sensor conductive composite 903 to produce activated conductive 
composite 925. 

5 FIG. lOA is a cross section drawing of degradation sensor 1001 having sensor conductive composite 
1003 enclosed in a holder or case 1005. In the preferred embodiments, sensor conductive composite 
1003 includes a volatile agent such as a volatile hydrocarbon whose mass loss (demonstrated by 
evaporated particles 1003A in case void 1005A of FIG. lOA) is caused by the environmental conditions 
of the sensor such as temperature and humidity. Conductive composite 1003 may be a solid, liquid or 
10 gel. During inactive periods, loss of the volatile agent particles is prevented by impermeable peel strip 
. 1007 covering aperture 1005B of case lOOS. Upon activation of sensor 1001, peel strip 1007 is removed 
as shown in FIG. lOB, aUowing volatile agent or evaporated particles 1003A to escape through aperture 
1005B, resulting in a resistance response as measured by electrodes 1013. 

FIG. IOC is a cross section drawing of degradation sensor lOOlA having a diffusion control element 
15 1031 disposed in aperture 1005B. Diffusion control element 1031 may be permeable or semi- 
permeable to the volatile agent used in die sensor, evaporated particles of which 1003A are shown in 
the figure. The amount of permeability of control element 1031 to volatile or evaporated particles 
1003 A can be selected to provide the desired degradation response such as resistance vs. time at 
selected temperatures. The sensor may be made inactive by use of peel strip 1007 that is essentially 
20 impermeable to volatile agent or evaporated particles 1003 A. 

ModeUng of degradation by use of a volatile agent may be carried out in a number of ways. For 
example, if modeling a degradable product whose primary degradation stress is temperature, the 
volatile agent may be selected which provides a simUar activation energy of resistance response of die 
sensor element as the selected degradation noeasurement of the product Additionally, die time constant 
25 of the sensor response can be adjusted by selecting the diffusion response of diffusion control element 
1031. 

Sensor activation of slow acting degradation reactions is not critical since the degradation of die sensor 
and product before either sensor-product association or acquisition and use by the end user is small 
compared to the lifetime of the product For example, the degradation (and resulting sensor resistance 

30 decrease) of a sensor made of a conductive composite of a wire and cable insulation polymer before its 
assembly in a wire or cable product is small compared to the degradation (and resulting sensor 
resistance decrease) over the total lifetime of the wire or cable. Manufacturing the sensor to a . 
standardized initial resistance or measuring the initial resistance after sensor manufacture may be 
sufficientin degradation models to determine actual wire and cable degradation at any point during the 

35 lifetime. 

For products having a relatively short lifetinie such as fresh foods, agricultural products, pharmaceutical 
products and single part adhesives; sensor (and product) degradation (and resulting sensor resistance 
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" dgCr^e) EI&feaielieSs6r aittaicmimirbf association to the product may be considerable. For these 
applications, the degraded sensor resistance may be measured at the time of sensor-product association 
such as when the actual product is manufactured or when the sensor is applied to a newly produced 
product. In this way, sensor degradation before sensor-product association can be compensated by the 
5 sensor-product degradation models to account for actual product degradation. 

A second method of associating a sensor and a product for a fast-degrading product is to provide a 
means to delay degradation of the sensor, and then "activate" the sensor at the time of product 
manufacture or packaging. For example, the sensor for a food product may be stored at a significantiy 
reduced temperature (therefore reducing the sensors rate of degradation) until it is attached during the 

10 packaging of the food product Or, a sensor utihzing a two-part curing resin may maintain separation of 
the resin parts (as shown in FIGS. 8A or 9A) untU attached to, or otherwise associated witti, the 
product. Sensor activation upon product association would include mixing of die two parts as shown in 
FIGS 8B and 9B. Or, in the case of a volatOe mass-loss sensor, the sensor diffusion may be minimized 
by cooling or by covering of ventOation apertures until sensor-product association as shown in FIGS. 

15 lOAandlOC. 

FIG. 1 1 A is a block diagram of a metiiod of sensor communication where an electrical property- 
measuring device such as resistance measuring instrument 1 103 is used to measure the resistance of 
degradation sensor 1101. Degradation sensor 1101 is a conductive composite sensor as described in the 
previous sections. Degradation sensor 1101 is associated witii degradable product 1 105 by attaching or 
20 incorporating sensor 1 101 into the product, or attaching sensor 1 101 to product packaging 1 105 A. 
Electrical connections such as conductors 1 107 are used to connect electrodes 1 109 of sensor 1 101 to 
resistance measuring instnimrat 1 103. 

In (he preferred embodiments, resistance-measuring insdrument 1 103 is calibrated to correlate resistance 
of sensor 1 101 and indicate the degradation state or remaining life of product 1 105. Correlation may be 

25 done by calibrating the indicator, such as a meter face 1 1 1 1 in an analog indicator widi a degradation 
state or pass/fail threshold; or it may indicate remaining life depending on an assumed environmental 
condition. Or, in the case of a digital resistance measurement, the desired degradation state and/or 
remaining life output may be correlated by a microprocessor 1 103 A internal to resistance measuring 
instrument 1 103. Microprocessor 1 103 A may be programmed to correlate resistance measurements 

30 with degradation models stored in the memory of microprocessor 1 103A. Alternatively, a resistance 
measurement by instrument 1 103 may be correlated to product degradation by use of an external 
correlation means such as a conelation chart, indicator or conq>uter. 

FIG. 1 1 B is a block diagram of an alternative ernbodiment of a sensor communications method utilizing 
a multiplexer 1 121 to connect multiple degradation sensors UOIA, IIOIB, IIOIC, associated with 
35 product 1 105, to resistance measuring instrument 1 123. Multiplexer 1 121 receives mputs (wired or 
wireless) from each sensor and provides a sdected output to instrument 1 123 tiirough connections 
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" 1 124." A MlSStSf switchlT2S "SSiairilliiltiplexer communications connection 1127 allows interrogation 
of the desired sensor. Alternatively, a manual selector switch maybe substituted for multiplexer 1121. 
Kficroprocessor 1 123A may be programmed to correlate resistance measurements with degradation 
models stored in the memory of microprocessor 1 123A. A communications connection 1131 provides 
S a means to communicate sensor resistance and product degradation status to a computer or network. 
FIG. lie is a block diagram of a method using electrical connectors such as quick connectors to 
communicate degradation data from sensors. A connector portion, such as male connector 11 43 A 
connected to resistance measuring instrument 1103 provides a means of temporary connection to 
complementary connector portions or female connectors 1 143B. Sensor 1 lOlD may be internal to 

10 product 1 145 and connected to respective connector 1 143B, external to product 1 145, by conductors 
1 147. Or, srasor 1 10 IE may be mounted extemal to product 1 145 and connected by conductors to 
connector 1143B1. Sensor IIOIF, mounted extemal to product 1147 but intemal to product packaging 
1147A and sensor UOIG, mounted extemal to product packaging 1147 A are connected to respective 
connectors 1143B2 and 1143B3 by conductors as shown in HG. IID. 

15 HG. 12A is a block diagram of a wireless communications mediod used to determine degradation of a 
degradable product 1205 inside product packaging 1205A. Sensor 1201, comprising a conductive 
composite as discussed in earher embodiments, is attached to a wireless conomunications device such as 
a passive RFED chip 1203. In the preferred embodiments, RFID 1203 comprises a non- volatile memory 
and a sensor input such as RFDD chip MCRF 202 by Microchip Inc. Inductor or antenna 1207 

20 communicates with inductor or antenna 1209 of RFID reader 121 1 and provides power to the RFID 
circuits of RFLD assembly 1202. Tuning capacitor 1213 provides RF tuning of RFID assembly 1202 
with the tuning circuits of reader 121 1. Product 1205 identification information is programmed into the 
non-volatile memory of RFID 1203. 

Reader 1211 comprises a modulator/demodulator 1215 connected to antenna 1209. A microprocessor 
25 1217 provides control, memory and calculation operations for reader 121 1. Input device 1219 provides 
a means to program and initiate microprocessor 1217 routines, and display 1221 provides a means to 
display sensor 1201 ouQ>ut as well as RFID 1203 and reader 1211 status. Communications connector 
1223, connected to microprocessor 1217 allows communication with a network or separate computer. 
A power supply, such as a battery 1225, provides power to the circuitry, and by the radio frequency 
30 communication, RFID assembly 1202. In other embodiments, RFID assembly 1202 is an active RFID 
with intemal volatile memory. The wireless communication allows monitoring of sensor 1201 for 
product 1205 inside packaging 1205 A witiiout conductor penetration of packaging 1205 A. 
FIG. 12B is a block diagram of an alternative embodunent of RFID assembly 1202A for sensor 1201 
having a resistance tiireshold detector 1231 between sensor 1201 and RFID chip 1203. Threshold 
35 detector 1231 is powered by RF energy via RFID chip 1203 and conductor 1233 and provides a binary 
input to RFID chip 1203 d^>endiDg on the resistance of sensor 1201 and one or more reference resistors 
in tiireshold detector 1231. 

17 



wo 2006/091631 PCT/US2006/006187 
" FKj. IZC is a"B16ck"3fegrmri ofir^afeSive RFID assembly 1252 and reader 1261 utilizing variable 
frequency tuning to determine sensor 1201 resistance. Voltage divider 1256 of RFDD assembly 1252, 
receiving a reference voltage from passive RFED chip 1253 provides a voltage input to voltage variable 
capacitor 1263 depending on sensor 1201 resistance. 
5 In a similar manner, voltage variable capacitor 1262 of reader 1261 forms a variable frequency tuning 
circuit for reader 1261. Microprocessor 1217 of reader 1261 provides a sweep voltage (via a digital to 
analog converter, not shown) to voltage variable capacitor 1262 and compares the resulting amplitude 
or phase of the induced response from RFED tuned antenna circuit 1254 to determine the resonant 
frequency (and tiierefore sensor resistance) of RFED assembly 1252. Microprocessor 1217 compares 
10 the resulting sensor resistance with a correlation model to provide product degradation information via 
indicator or display 1221. Other passive or active wireless means may be used to communicate sensor 
1201 resistance for correlating degradation data such as utilizing active RFIDs, radio frequency, visible 
frequency, infrared or ultrasonic frequency transmitters and receivers. 

Wireless communication with degradation sensors aUows an inqnroved mediod of monitoring product 
15 degradation within protective packaging or containers. FIG. 13 is a perspective drawing of RFID 
assembly 1301 attached to an inside surface of cap 1303 of container 1305. Sensor 1307 of REDD 
assembly 1301 is a conductive composite sensor as discussed previously, and whose resistance-time 
characteristics are correlatable to degradation of product such as food or pharmaceutical product 1309. 
By placement of sensor 1307 inside container 1305, sensor 1307 is exposed to the same environment as 
20 product 1309, regardless of condition or damage to container 1305. Reader 1311 communicates 

wirelessly via antenna 1313 of RFDD 1301 through container 1305 and provides product ID and product 
condition by modeling techniques discussed previously. In still other embodiments, contact or 
connector methods, discussed previously, may be employed with sensors mounted inside or outside 
container 1305. 

25 FIG. 13A is a perspective drawing of RFED assembly 1331 attached to an inside surface 1332 of nozzle 
cap 1333 of solid propellant motor 1335. Sensor 1337 of RFID assembly 1331 is a conductive 
composite sensor as discussed previously, whose resistance-time characteristics are correlatable to 
degradation of a limiting degradable component of propellant 1339 such as the binder of the propeUant 
By placement of sensor 1337 inside the nozzle cap 1333 of motor 1335, sensor 1337 is exposed to the 

30 same enviromnent as propellant 1339, regardless of condition or damage to nozzle cap 1333. 

Reader 1336 communicates wirelessly with RFID assembly 1331 through motor 1335 and/or cap 1333 
and provides product ID and product condition by modeling techniques discussed previously. For 
GXsanplG, reader 1336 can provide equipment identification, serial number, manufacturing date and 
other product identification mf ormation from data programmed into the non-volatile menoory of RFED 

35 chip 1338. By processing sensor 1337 resistance data and comparing to algorithms of a microprocessor 
of reader 1336, the reader can also provide a Pass/Fail condition of the propellant, a degradation 
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" peR:entageToFthe prdpeliant; and by inputting or measuring current ambient tenq)erature into reader 
1336, it can also provide an estimated remaining lifetime of the propellant 

HG. 13B is a perspective drawing of a method of monitoring the condition of a food product such as 
fresh poultry 1355 packaged in package 1356. RFID assembly 1351, containing degradation sensor 
5 1357 and passive RFID chip 1358 is attached to an inside surface of transparent iBlm 1356A of package 
1356 and communicates with reader 1359. Sensor 1357 is a conductive composite sensor as discussed 
previously, whose resistance-time characteristics are correlatable to degradation of poultry in varying 
environments such as temperature and oxygen level. By placement of sensor 1357 inside package 
1356, sensor 1357 is exposed to the same environment as poultry product 1355, regardless of condition 

10 or damage to package 1356. 

Reader 1359 communicates with RHC assembly 1351 as previously discussed and provides product 
identification data such as type of food product, producer, packaging plant identification, lot number, 
and packaging date. By processing sensor 1357 resistance data and comparing to algorittmis of a 
microprocessor of reader 1359, the reader can also provide a Pass/Fail condition of the poultry, a 

15 remaining life percentage, and by inputting or measuring current ambient temperature and, optionally, 
other environmental conditions into reader 1359, it can also provide an estimated remaining lifetime or 
expiration date of the food product. 

FIG. 14 is a block diagram of a method for tracking degradable products and determining their 
condition. Sensors 1401 A, 1401B and 1401C are disposed in or on respective degradable products 
20 1405A, 1405B, 1405C or product packaging as disclosed in previous embodiments. A sensor 

communications device such as RFID reader 1407 communicates with sensors 1401 A, 1401B, 1401 C 
via RFID assemblies 1403A, 1403B, 1403C. 

Product data such as product identification, manufacturer, lot number, manufacturing and packaging 
date is programmed in the memory, such as volatile or non-volatOe memory of the respective RFID 
25 assemblies at a preselected time, such as following manufacture, packaging, distribution or sale of tiie 
product In other embodiments, sensor 1401 A, 1401B, 1401C information is also programmed into the 
memory such as initial sensor resistance (or resistivity), along with resistivity-degradation correlation 
data. 

In the preferred embodiments, RFID reader 1407 contains a microprocessor 1409 to correlate sensor 
30 resistance from die respective sensors in the products to the degraded condition of the respective 
product as discussed previously. Microprocessor 1409 correlates tiie resistance of the sensors to a 
correlation model programmed into the microprocessor. The resulting product identification and 
degradation condition may be used by an operator in the field, or the data may be uploaded into a 
computer 1411 by wired or wireless communication for stomge or processing. Or, degradation 
35 condition and product identification data may be comnounicated direcdy to a network 1413 via a wired 
or wireless interface 1415, or by conq>uter 141 1 comnounicating with reader 1407. Network 1413 may 
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" b5"& rodal TafeWdK of it iriy'Beanmfranet or the Internet and allows two-way communication with 
reader 1407 from multiple users 14i5A, 1415B, 1415C. 1415D and 1415E. 
Use of a network such as netwoik 1413 allows great flexibility in the use of degradable sensors. For 
example, network user 1415A may be a manufacturer or packager of degradable product 1405A and 
5 programs product identification data, and optionally, sensor 1401 A initial resistance data in RFID 

assembly 1403A via programmer 1417A. Network user 1415A can also access product and sensor data 
by use of a reader 1407A. Network user 1415B may be a product user such as a wholesaler or 
distributor who can read product ID and sensor 1401 A data via reader 1407B. Optionally, dirough 
access of network 1413 user 1415B can access initial resistivity or correlation model data from die 

10 manufacturer netwoik user 1415A. 

Likewise, network user 1415C may be a retailer who can read product ID and sensor 1401 A data via 
reader 1407C. Optionally, through access of network 1413 user 1415C can access initial resistivity or 
correlation model data from the manufacture netwoik user 1415A or prior resistivity (degradation) data 
from user 141SB. Network user 1415D may be a customer or final end-user who dirough use of 

15 wireless reader 1407D can read product ID and sensor 1401 A data. Optionally, prior sensor data from 
all users is accessible through network 1413. 

Network 1413 also allows improved security and tracking of product 1405 A, 1405B and 1405C product 
degradation throughout the chain of network users 1415A, 1415B, 1415C and 1415D. For example, a 
manufacturer, through uplinks of sensor data from other network users can track the amount of product 
20 degradation by each user throughout product Ufe. Optionally user 141 5E is a network administrator or 
a regulatory agency. Security codes and password procedures and software limits access of specified 
data to authorized users. 

The apparatus and methods of the environmental sensor as discussed can be used for virtually any 
product which degrades by selecting an appropriate polymer matrix, a control agent, and a conductive 

25 filler, and then modeling the sensor resistivity widi a selected product degradation measurement taken 
at multiple controlled environmental conditions. The control agent may be the selection of a polymer 
matrix which has die same or similar polymeric component or components as die product it is 
monitoring. Or, the control agent may incorporate chemical, physical or biological control of 
degradation reactions which aUow correlation with the product degradation. 

30 Products which are well adaptable to the environmental degradation sensor of the methods disclosed 
herewith include, but are not limited to: wire and cable products, electrical and electronic components, 
composite matmals used in aerospace, marine, and tmestrial vehicle applications, rubber and plastic 
hoses and pipe, belts, tkes, automotive, marine and aircraft interior components, polymeric constmction 
and building products such as plastic siding, plastic and asphalt roofing, decking and fencing, safety 

35 equipment such as life rafts, life preservers, foul weather gear, parachutes, rope and cable systems, bio- 
medical components such as blood, plasma and IV bags and containers, hoses, valves, artificial Imibs 
and organs, medical gloves, medical dressings and laboratory coats, food products includmg 
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' agricultural, meat, poultry and tish products, pharmaceutical products, cosmetic products, adhesives, 
paints and coatings (before and after applications. Even non-polymeric products which degrade by 
environmental conditions such as temperature, humidity, severe chemical environments, and 
mechanical stress conditions may be monitored by conductive composite sensors utilizing the methods 
S of tills disclosure. The degradable products monitored may be solids, liquids or gasses. The sensor 
elements may be solids, liquids or gasses. 

Although the description above contains many specifications, these should not be construed as limiting 
the scope of the invention but merely providing illustrations of some of the presentiy preferred 
embodiments of this invention. Thus the scope of the invention should be determined by the appended 
10 claims and their legal equivalents, rather than by the examples given. 
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1. A sensor element for detecting degradation of an environmentally sensitive product comprising: 
5 a plurality of electrically conductive particles and a control agent dispersed in a polymeric matrix; 

wherein said control agent is selected to influence a reaction rate of said sensor element to selected 
environmental conditions whereby a change in an electrical property of said sensor element is 
correlatable to said degradation of said environmentally sensitive product 

2. The sensor element of claim 1 wherein said control agent is selected to adjust a reaction rate of an 
10 environmentally dependent reaction of said sensor element correlatable to a selected degradation 

measurement of said environmentally sensitive product 

3. The sensor element of claim 1 wherein said control agent is selected to adjust an activation energy of 
an environmentally dependent reaction of said sensor element correlatable to a selected degradation 
measurement of said environmentally sensitive product 

15 4. The sensor element of claim 1 wherein said control agent is selected to adjust a time constant of an 
environmentaUy dependent reaction of said sensor element correlatable to a selected degradation 
measurement of said environmentally sensitive product 

5. The sensor element of claim 1 wherein said control agent is selected to adjust an activation energy 
and a time constant of an environmentally dependent reaction of said sensor element correlatable to a 

20 selected degradation measurement of said environmentally sensitive product 

6. The sensor element of claim 1 wherein said polymeric matrix comprises a thermoset 

7. The sensor element of claim 1 wherein said polymeric matrix comprises a thermoset and said control 
agent is a catalyst 

8. The sensor element of claim 1 wherein said polymeric matrix comprises an epoxy and said control 
25 agent is a catalyst 

9. TTie sensor element of claim 1 wherein said polymeric matrix comprises an epoxy and said control 
agent is a hardening agent 

10. The sensor element of claim 1 wherein a tenaperature-dependent volatility of said control agent 
provides said change of an electrical property of said sensor element correlatable to said cumulative 

30 degradation of said environmentally sensitive product. 

11. The sensor element of claim 10 wherein said temperature-dependent volatility of said control agent 
is higher than a temperature-dependent volatility of said polymeric matrix. 

12. The sensor element of claim 1 1 wherein said control agent is a volatile hydrocarbon. 

13. The sensor element of claim 1 wherein said polymeric matrix comprises a thermoplastic and said 
35 control agent is an anti-oxidant 
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" in^ Tbb sSMSlr 6IeI!&iht 61 Ciami 4~wneiem said polymedc matrix comprises an elastomer and said 
control agent is an anti-oxidant 

15. The sensor element of claim 1 wherein said control ag^t is selected to correlate a decrease of 
electdcal resistivity of said sensor element to temperature-induced degradation of a temperature- 

5 sensitive product. 

16. The sensor element of claim 1 comprising electrodes for connecting said sensor element to a 
resistance-measuring device. 

17. The sensor element of claim 1 wherein said polymeric matrix is a solid at normal operating 
temperature of said sensor element. 

10 18. The sensor element of claim 1 wherein said sensor element is a hot-melt adhesive. 

19. The sensor element of claim 1 wherein said sensor element is an extrusion. 

20. The sensor element of claim 1 wha:ein said sensor element is a casting. 

21. The sensor element of claim 1 wherein said degradation of an environmentally sensitive product is 
cumulative degradation. 

1 5 22. The sensor element of claim 1 wherein said degradation of an environmentally srasitive product is 
mechanical degradation. 

23. The sensor element of claim 1 wherein said degradation of an environm^tally sensitive product is 
chemical degradation. 

24. The sensor element of claim 1 wherein said degradation of an enviroimientally sensitive product is 
20 biological degradation. 

25. The sensor element of claim 2 wherein said ravironmentally dependent reaction is^a temperature- 
dependent reaction. 

26. The sensor element of claim 25 wherein said temperature-dependent reaction is a noass loss 
reaction. 

25 27. The sensor element of claim 25 wherein said temperature-dependent reaction is a temperature- 
dependent chemical degradation reaction. 

28. The sensor element of claim 27 wherein said temperature-dependent chemical degradation reaction 
is a cross-linking reaction. 

29. The sensor element of claim 27 wherein said temperature-dependent chemical degradation reaction 
30 is a chain scission reaction. 

30. The sensor element of claim 26 wherein said control agent is a diffusion-adjusting component of 
said polymeric matrix. 

31. The sensor element of claim 1 wherein said environmentally sensitive product comprises a 
polymeric component 

35 32. The sensor dement of claim 31 wherein said environmentaUy sensitive product comprises a 
thenEK)plastic component 
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therein said enviromn^tally sensitive product comprises a 



thermoset component 

34. The sensor element of claim 31 wherein said environmentally sensitive product comprises an 
elastom^. 

5 35. The sensor element of claim 31 wherein said environmentaUy sensitive product is a food product 

36. The sensor element of claim 3 1 wherein said environmentally sensitive product is a pharmaceutical 
product. 

37. The sensor element of claim 31 wherein said environmentally sensitive product is a cosmetic 
product. 

10 38. The sensor element of claim 31 wherein said environmentally sensitive product is an adhesive. 

39. The sensor element of claini 31 wherein said environmentally sensitive product is a protective 
coating. 

40. The sensor element of claim 1 wherein said environmentally sensitive product comprises a 
con^site material comprising a polymeric resin and a reinforcing fiber. 

IS 41. The sensor element of claim 1 whorein said environmentally sensitive product is a non-polymeric 
product 

42. The sensor element of claim 41 wherein said environmentally sensitive product is a metallic 
product 

43. A sensor element for detecting degradation of an environmentally sensitive product comprising a 
20 polymeric component, said sensor element comprising: 

a plurality of electrically conductive particles dispersed in a polymeric matrix^ said polymeric matrix 
con^rising said polymeric component of said environmentally sensitive product; 
said polymeric matrix selected to produce a decrease in resistivity of said sensor element correlatable to 
said degradation of said environmentally sensitive product 
25 44. The sensor element of claim 43 wherein said polymeric coixq)onent is a Aermoplastic polymer. 

45. The sensor element of claim 43 wherein said polymeric con^>onent is a thermoset polymer. 

46. The sensor element of claim 43 wherein said polymeric component is a component of a food. 

47. The sensor element of claim 43 wherein said polymeric component is a conq)onent of poultry. 

48. The sensor element of claim 43 wherein said polymeric component is a component of meat 
30 49. The sensor element of claim 43 wherein said polymeric component is a component of fish. 

50. The sensor element of claim 43 wherein said polymeric conq)onent is a component of an 
agricultural product 

51. The sensor element of claim 43 wherein said polymeric component is a component of a 
pharmaceutical product 

35 52. The sensor element of claim 43 wherein said polymeric component is a component of a cosmetic 
product 
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' 537 A sensor asisi^iibly tor detecting "degradation of an envkonmentaUy sensitive product comprising: 
. a sensor element comprising a plurality of electrically conductive particles and a control a^nt 
dispersed in a polymeric matrix; 

wherein said control agent is selected to influence a reaction rate of said sensor element to selected 
5 environmental conditions whereby a change in an electrical property of said sensor element is 
correlatable to said degradation of said environmentally sensitive product; and 
a means for communicating said change of an electrical property of said sensor element to an electrical 
property measuring device. 

54. The sensor assembly of claim 53 wherein said control agent is selected to correlate a decrease in 
10 electrical resistivity of said sensor element to temperature induced degradation of said environmentally 

sensitive product 

55. The sensor assembly of claim 53 wherein said means for connecting said sensor element to a 
electrical property noeasunng device comprises a pair of electrodes attached to said sensor element 

56. The sensor assembly of claim 55 wherein said pair of electrodes is attached to said sensor element 
IS by a conductive adhesive. 

57. The sensor assembly of claim 55 wherein said pak of electrodes is attached to said sensor elenoent 
by mechanical clamping. 

58. The sensor assembly of claim 53 wherein said means for connecting said sensor element to an 
electrical property measuring device comprises a wireless communications device. 

20 59. The sensor assembly of claim 53 wherein said electrical property measuring device is disposed in 
said sensor assembly. 

60. The sensor assembly of claim 59 wherein said electrical property measuring device comprises a 
radio frequency identification device. 

61. The sensor assembly of claim 60 wherdn said radio frequency identification device comprises 
25 identification data for said environmentally sensitive product 

62. The sensor assembly of claim 60 wherein said radio fi:equency identification device comprises a 
tiireshold detector connected to said sensor element 

63. The sensor assembly of claim 55 wherein a portion of each of said pair of electrodes is disposed on 
an outside surface of said environmentally sensitive product whereby measurement of said electrical 

30 property can be made by electrical contact of said electrical property measuring device with said 
portion of each of said pair of electrodes. 

64. The sensor assembly of claim 55 wherein a portion of each of said pair of electrodes is disposed on 
an outside surface of a product package of said environmentally sensitive product whereby 
measurement of said electrical property can be made by electrical contact of said electrical property 

35 measuring device with said portion of each of said pair of electrodes. 

65. The sensor assembly of claim 55 wherein each of said pair of electrodes comprises an electrical 
connector engagable to said electrical property measuring device. 
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"66r"ii:te"seti£orW&mmy m caaim t»:> meiem said electrical connector of said each of said pair of 
electrodes is disposed on an outside surface of said environmentally sensitive product. 

67. The sensor assembly of claim 65 wherein said electrical connector of said each of said pair of 
electrodes is disposed on an outside surface of a product package of said environmentally s^itive 

5 product. 

68. The sensor assembly of claim 53 comprising a means for sensor assembly activation, 

69. The sensor assembly of claim 68 wherein said means for sensor assenibly activation is a means to 
mix said control agent in said polymeric matrix. 

70. The sensor assembly of claim 68 wherein said means for sensor assembly activation includes a 
10 means to encapsulate said control agent widiin said sensor element 

71. The sensor assembly of claim 68 wherein said means for sensor assembly activation is a means to 
control diffusion of a volatile component of said sensor element. 

72. The sensor assembly of claim 71 wherein said means to control diffusion of a volatile component 
of said sensor element is a housing surrounding said sensor element, said housing comprising a covered 

15 aperture in said housing. 

73. A sensor assembly for detecting degradation of an environmentally sensitive product comprising a 
polymeric component, said sensor element comprising: 

a sensor element comprising a plurality of electrically conductive particles dispersed in a polymeric 
matrix, said polymeric matrix comprising said polymeric component of said environmentally sensitive 
20 product, said polymeric matrix selected to produce a decrease in resistivity of said sensor element 
correlatable to said degradation of said environmentally sensitive product; and 
a means for conununicating said change of an electrical property of said sensor element to an electrical 
property measuring device. 

74. The sensor assembly of claim 73 wherein said means for coimecting said sensor element to ai 
25 electrical property measuring device con^rises a pair of electrodes attached to said sensor dement 

75. The sensor assembly of claim 74 wherein said pair of electrodes is attached to said sensor element 
by a conductive adhesive. 

76. The sensor assembly of claim 74 wherein said pair of electrodes is attached to said sensor element 
by mechanical clamping. 

30 77. The sensor assembly of claim 73 wherein said means for connecting said sensor element to an 
electrical property measuring device comprises a wireless communications device. 

78. The sensor assembly of claim 73 wherein said electrical property measuring device is disposed in 
said sensor assembly. 

79. The sensor assembly of claim 77 wherein said sensor assembly comprises a radio frequency 
35 identification device. 

80. The sensor assembly of claim 79 wherein said radio tequency identification device con^rises 
identification data for said environmentally sensitive product 
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'"Str Hie sSnsiof SsSM)ly ofclffiian9''wh^ said radio frequency identification device comprises a 
threshold detector connected to said sensor element 

82. The sensor assembly of claim 74 wherein a portion of each of said pair of electrodes is disposed on 
an outside surface of said environmentally sensitive product whereby measurement of said electrical 

5 property can be made by electrical contact of said electrical property measuring device with said 
portion of each of said pair of electrodes. 

83. The sensor assembly of claim 74 wherein a portion of each of said pair of electrodes is disposed on 
an outside surface of a product package of said environmentally sensitive product whereby 
measurement of said electrical property can be made by electrical contact of said electrical property 

10 measuring device with said portion of each of said pair of electrodes. 

84. The sensor assembly of claim 74 wherein each of said pair of electrodes comprises an electncal 
connector engagable to said electncal property measuring device. 

85. The sensor assembly of claim 84 wherein said electncal connector of said each of said pair of 
electrodes is disposed on an outside surface of said environmentally sensitive product. 

IS 86. The sensor assembly of claim 84 wherein said electrical connector of said each of said pair of 
electrodes is disposed on an outside surface of a product package of said environmentally sensitive 
product 

87. A time-temperature integrating degradation sensor for short term aging comprising; 

a sensor composite comprising a polymeric matrix, a plurality of conductive particles dispersed in said 
20 matrix, and an degradation modeling control agent, said sensor composite defining a pair of spaced 
electrical property measurement portions ; 

wherein said control agent is selected to control a rate of volumetric shrinkage of said composite as a 
function of tenqperature. 

88. A method of detecting degradation of an environmentally sensitive product conq>ri5ing the steps: 
25 providing a conductive con^)osite sensor element comprising a polymeric matrix, conductive particles 

and a control agent affecting a rate of a environmentally affected reaction of said s^or element; 
taking a plurality of measurements of an electrical property of said sensor element over time in a first 
specified environmental condition and a plurality of measurements of degraded states of said 
environmentally sensitive product over time in a second specified environmental condition; and 
30 providing a correlation of a first measured electrical property of said sensor element to a first degraded 
state of said environmentally sensitive product 

89. The method of detecting degradation of claim 88 wherein said first specified environmental 
condition is the same as said second environmental condition. 

90. The metiiod of detecting degradation of claun 88 wherein said plurality of measurements of an 
35 electrical property of said smsor element over time are taken at a first plurality of specified 

environmental conditions. 
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'^Plr fh€ i3SSSSd1ift€is^n^(SSijmi^on of claim 88 wherein said plurality of measurements of 
degraded states of said environmentally sensitive product over time are taken at a second plurality of 
specified environmental conditions. 

92. The method of detecting degradation of claim 88 wherein said plurality of measurements of an 
5 electrical property of said sensor element over time are taken at a &st plurality of specified 

environrdental conditions and said plurality of measurements of degraded states of said environmentally 
sensitive product over time are taken at a second plurality of specified environmental conditions. 

93. The method of detecting degradation of claim 92 wherein said providing a correlation of a first 
measured electrical property of said sensor element to a first degraded state of said envirotmientally 

10 sensitive product is made at a third specified environmental condition outside of a band of 

environmental conditions incorporating said first plurality of specified environmental conditions. 

94. The method of detecting degradation of claim 93 wherein said correlation comprises an Arrhenius 
correlation. 

95. The method of detecting degradation of claim 93 comprising an additional step of selecting said 
IS third environinental condition to estimate a remaining life of said environmentaQy sensitive product 

96. The method of detecting degradation of claim 88 wherein said providing a correlation of a first 
measured electrical property of said sensor element to a first degraded state of said environmentally 
sensitive product is performed by a reader device communicating with said sensor element. 

97. The method of detecting degradation of claim 96 wherein said reader device communicates by a 
20 contact widi electrodes connected to said sensor element 

98. The method of detecting degradation of claim 96 wherein said reader device communicates by 
wireless communication to said sensor element 

99. The method of detecting degradation of claim 88 wherein said enviromnentally sensitive product 
comprises a thermoplastic polymer. 

25 100. ThemeAodof detectmg degradation of claim 88 wherein said environmentally sensitive product 
con^rises a thermoset polymer. 

101. The method of detecting degradation of claim 88 wherein said environmi^tally sensitive product 
comprises a food product 

102. The method of detecting degradation of claim 88 wherein said environmentally sensitive product 
30 comprises a pharmaceutical product. 

103- A method of detecting degradation of an environmentally sensitive product comprising a 
polymeric component, the method comprising the steps: 

providing a conductive con^iosite sensor element comprising said polymeric component of said 
environmentally sensitive product and conductive particles; 
35 taking a plurality of measurements of resistivity of said sensor dement over time in a first specified 
enviroimiental condition and a plurality of measurements of degraded states of said environmentally 
sensitive product over time in a second specified environmental condition; and 
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<^]!^l!litig YdGh^tsSSbSL oFkl^^M fbsistivity of said sensor element to a fust degraded state of said 
environmentally sensitive product. 

104. The method of detecting degradation of claim 103 wherein said first specified environmental 
condition is die same as said second environmental condition. 
5 105. The method of detecting degradation of claim 103 wherein said plurality of measurements of an 
electrical property of said sensor element over time are taken at a first plurality of specified 
environmental conditions. 

106. The method of detecting degradation of claim 103 wherein said plurality of measurements of 
degraded states of said environmentally sensitive product over time are taken at a second plurality of 

10 specified environmental conditions. 

107. The method of detecting degradation of claim 103 wherein said plurality of measurements of an 
electrical property of said sensor element over time are taken at a first plurality of specified 
environmental conditions and said plurality of measurements of degraded states of said enviromnentaUy 
sensitive product over time are taken at a second plurality of specified environmental conditions. 

IS 108. The method of detecting degradation of claim 107 wherein said providing a correlation of a first 
measured electrical property of said sensor element to a first degraded state of said ravironmentally 
sensitive product is made at a third specified environmental condition outside of a band of 
environmental conditions incorporating said first plurality of specified environmental conditions. 

109. The method of detecting degradation of claim 108 wherein said correlation comprises an 
20 Arrhenius correlation. 

1 10. The method of detecting degradation of claim 108 comprising an additional step of selecting said 
third environmental condition to estimate a remaining life of said environmentally sensitive product 

111. The mediod of detecting degradation of claim 103 wherein said providing a correlation of a 
reduced resistivity of said sensor element to a first degraded state of said environmentally sensitive 

25 product is performed by a reader device communicating with said sensor element. 

1 12. The method of detecting degradation of claim 111 wherein said reader device communicates by a 
contact with electrodes connected to said sensor element 

1 13. The method of detecting degradation of claim 11 1 wherein said reader device communicates by 
wireless communication to said sensor element. 

30 1 14. The method of detecting degradation of claim 103 wherein said environmentally sensitive product 
comprises a thermoplastic polymer. 

1 IS. The noetiiod of detecting degradation of claim 103 wherein said environmentally sensitive product 
comprises a thermoset polymer. 

116. The method of detecting degradation of claim 103 wherein said environmentally sensitive product 
3S comprises a food product 

1 17. The method of detecting degradation of claim 103 wherein said environmentally sensitive product 
comprises a pharmaceutical product 
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^ tSTI^' mMSlI ^ &&6kifig dlSgl^Sllitin of environmentally sensitive products conqirising the steps: 
associating a first degradation sensor with a first environmentally sensitive product, said first 
degradation sensor comprising a conductive composite sensor element; 
reading a first electrical property of said first degradation sensor; 
S correlating said first electrical property of said first degradation sensor to a fiirst degradation state of 
said first environmentally sensitive product; and 

uploading said first degradation state to a network comprising a plurality of network users. 
1 19. The method of tracking degradation of enviroimientally sensitive products of claim 118 wherein 
said first degradation sensor is attached to said first environmentally sensitive product. 
10 120. The metfiod of tracking degradation of environmentally sensitive products of claim 118 wherein 
said first degradation sensor is attached to a product package of said first environmentally sensitive 
product 

121. The method of tracking degradation of environmentally sensitive products of claim 1 18 wherein 
said first degradation sensor is attached to an inside surface of a product package of said first 

1 S enviroimientally srasitive product 

122. The method of tracking degradation of environmentally sensitive products of claim 1 18 wherein 
said reading a first electrical property of said first degradation sensor is made by electrical contact 
between said first sensor and electrodes of a portable reader used by one of a said plurality of network 
users. 

20 123. The method of tracking degradation of environmentally sensitive products of claim 118 wherein 
said first sensor is a component of a first sensor assembly comprising a first wireless communications 
device and reading a first electrical property of said first degradation sensor is made by wireless 
communication between said first sensor assembly and a portable reader used by one of a said plurality 
of network users. 

25 124. The method of tracking degradation of environmentally sensitive products of claim 123 wherein 
said first sensor first sensor assembly comprises a radio fi:eqttency identification device. 

125. The method of tracking degradation of enviromnentally sensitive products of claim 1 18 wherein 
said plurality of network users includes a manufacturer of said first envuronmentally sensitive product. 

126. The method of tracking degradation of environmentally sensitive products of claim 118 wherein 
30 said plurality of network users includes a packager of said first enviromnentally sensitive product 

127. The method of tracking degradation of environmentally sensitive products of claim 118 wherein 
said plurality of network users includes an end user of said first environmentally sensitive product 

128. The method of tracking degradation of environmentally sensitive products of claim 1 18 wherein 
said plurality of network users includes a packager of said first environmentally sensitive product and a 

35 user of said first environmentally sensitive product. 

129. The metihod of tracking degradation of environmentally sensitive products of claim 124 wherein 
said plurality of network users includes a packager of said first envirorunentally sensitive product who 

30 



wo 2006/091631 PCTAJS2006/006187 
')pr&grSiins ^HucT mfdriMtioa SSfcdfS^d radio irequency identification device and uploads said first 
degradation state to said network. 

130. The method of tracking degradation of environmentally sensitive products of claim 129 wherein 
said first environmentally sensitive product is a food product. 

131. The method of tracking degradation of environmentally sensitive products of claim 129 wherein 
said first environmentally sensitive product is a pharmaceutical product. 

132. A sensor assembly for detecting degradation of an enviromnentally sensitive product comprising a 
first polymeric component, said sensor element comprising: 

a sensor element comprising a plurality of electrically conductive particles dispersed in a polymeric 
matrix, said polymeric matrix comprising a second polymeric conoponent selected to comprise an 
activation energy of degradation sintiilar to that of said first polymeric component whereby a decrease in 
resistivity of said sensor element is correlatable to said degradation of said envirotunentally sensitive 
product; and 

a means for communicating said change of an electrical property of said sensor element to an electrical 
property measuring device. 
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